Introduction
============

MicroRNAs (miRs) are short, 20--25 nucleotide sequences that serve as master regulators of gene expression. miRs bind to the complementary sequences in the 3′ untranslated regions of target messenger RNA and result in transcriptional repression of target gene expression.[@b1-ijn-8-4481],[@b2-ijn-8-4481]*let-7* is one of the first known genes identified as a regulator of developmental timing and proliferation of cells.[@b3-ijn-8-4481] let-7 miR functions as a tumor suppressor by silencing the *Ras* gene, a member of the small guanosine triphosphate (GTP)ase superfamily associated with cell proliferation, adhesion, and migration in lung cancer and malignant pleural mesothelioma (MPM) cells.[@b4-ijn-8-4481],[@b5-ijn-8-4481] Although gene-silencing therapy has been widely studied, clinical use of miR has been limited due to its high vulnerability and low cellular uptake in systemic administration. Therefore, developing an adequate carrier system that can provide protection and stability to miR and efficient targeted delivery to the cancer cells/tumor is crucial.

Liposomes are biodegradable and could be used to deliver high concentrations of therapeutics to the tumor tissue. Liposomes composed of the cationic lipid DOTAP (N-\[1-(2,3-dioleoyloxy)propyl\]-N,N,N-trimethylammonium methyl-sulfate) have been shown to be the effective carrier for the anionic nucleotides RNA and DNA.[@b6-ijn-8-4481]--[@b10-ijn-8-4481] Due to the overall cationic electrostatic charge on the lipid bilayers, cationic liposomes provide advantages that include high encapsulation efficiency of nucleotides and high cellular uptake. Cationic liposomes have been demonstrated to selectively accumulate in angiogenic endothelial cells in tumors and to be internalized by endocytosis after intravenous injection.[@b11-ijn-8-4481],[@b12-ijn-8-4481] However, it has been reported that in the presence of serum, the binding of serum proteins to the cationic liposomes leads to structural reorganization and aggregation or dissociation of cationic liposomes and influences the delivery.[@b13-ijn-8-4481]--[@b16-ijn-8-4481] To prevent the aggregation induced by serum, cationic liposomes have been incorporated with PEGylated (polyethylene glycol-ylated) lipids to increase circulation lifetime and allow the accumulation in tumor tissue. However, the delivery efficiency and cellular uptake of PEGylated liposomes may be compromised.[@b17-ijn-8-4481]--[@b21-ijn-8-4481]

The Eph-ephrin signaling proteins comprise the largest known family of receptor tyrosine kinases. This family influences processes of cell migration and patterning through their interactions with each other and additional signals in the surrounding microenvironment that require cell--cell contact. Among this family, EphA2 (ephrin type-A receptor 2) and its ligand, ephrin-A1, play an important role as modulators of various processes during embryonic development.[@b22-ijn-8-4481],[@b23-ijn-8-4481] EphA2 is overexpressed in aggressive malignancies including lung cancer and MPM, but not significantly in normal tissue.[@b24-ijn-8-4481]--[@b29-ijn-8-4481] Ephrin-A1 inhibits proliferation and migration of MPM cells by downregulation of EphA2 expression via binding to the EphA2 receptor on the cell membrane.[@b30-ijn-8-4481]--[@b32-ijn-8-4481] In addition, ephrin-A1/Fc specifically binds to EphA2 in pancreatic adenocarcinoma cells and suppress tumor growth and invasion.[@b33-ijn-8-4481] Furthermore, earlier we reported that the tumor-suppressive properties of ephrin-A1 are due to the expression of let-7a miR.[@b34-ijn-8-4481]

In the present study, let-7a miR was encapsulated in the liposomal nanoparticle (LNP) as a carrier to protect and deliver miR to lung cancer cells. In addition, to enhance the effectiveness of delivery, the ephrin-A1 protein was conjugated on the surface via coupling with PEGylated lipid to specifically target the EphA2 receptors on MPM and non-small-cell lung cancer (NSCLC). The combination therapy of miR and ephrin-A1 showed enhanced effectiveness when tested on MPM and NSCLC cells in vitro when compared with either ephrin-A1 or miR--LNP alone. Furthermore, MPM cells treated with miR--ephrin-A1--LNP showed reduced expression of *Ras*, the target gene. Importantly, the cell proliferation, migration, and clonogenic expansion of lung cancer cells were remarkably reduced. Our engineered LNP have potential for the delivery of miRs for therapeutic interventions against MPM and NSCLC for in vivo studies.

Materials and methods
=====================

Materials
---------

DOTAP, cholesterol, DSPE-PEG-2000 (1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine-*N*-\[cyanur(polyethylene glycol)-2000\]), and DSPE-PEG2000-cyanur were purchased from Avanti Polar Lipids, Inc (Alabaster, AL, USA). All analytical reagents used in this study were purchased from Sigma-Aldrich (St Louis, MO, USA) unless otherwise indicated. The miR precursor, miR inhibitor, and control miRs were obtained from Ambion/Life Technologies (Carlsbad, CA, USA).

Cell culture and treatment
--------------------------

CRL-2081 and CRL-5830 cells (MPM cell lines) and A549 cells (NSCLC cell line) were purchased from American Type Culture Collection (Manassas, VA, USA) and maintained in 100 mm dishes in RPMI 1640 (Sigma-Aldrich) containing 10% fetal bovine serum, penicillin (100 U/mL), and streptomycin (100 μg/mL), as reported earlier.[@b4-ijn-8-4481],[@b24-ijn-8-4481] In brief, cells were incubated at 37°C in 5% CO~2~ and 95% air and were cultured to 80% confluence for 3--4 days and subcultured in 60 mm cell culture dishes (5 × 10^5^ cells/dish) for various treatments accordingly. MPM and NSCLC in near confluence cultures were treated with or without 3.5 μg/mL recombinant mouse Ephrin-A1/Fc chimera (R&D Systems, Minneapolis, MN, USA) in serum-free RPMI 1640, for the indicated times as reported earlier.[@b4-ijn-8-4481] The cells were also treated with ephrin-A1 conjugated LNP (ephrin-A1--LNP) or let-7a miR encapsulated LNP (miR--LNP) or miR-control--LNP or only LNP. The cells were processed for total lysates and total RNA for immunoblotting and quantitative real-time polymerase chain reaction (qPCR), respectively.

Preparation of miR encapsulated liposomal nanoparticles (miR--LNP)
------------------------------------------------------------------

Liposomes were prepared by using combination of DOTAP, cholesterol, and DSPE-PEG 2000-cyanur. In brief, the lipids, DOTAP, cholesterol, and DSPE-PEG-2000-cyanur (1:1:0.1 molar ratio) were dissolved in ethanol (40--100 μg/μL) and then dispersed into aqueous solution (molecular grade) containing let-7a miR as described in previous reports.[@b35-ijn-8-4481] The weight ratio of the miR to LNP was 1:10. The LNP and miR were well dispersed and vortexed for the formation of stable miR--LNP complex. The encapsulation of miR in the LNP was determined by gel electrophoresis. Free miR, miR--LNP, and miR--ephrin-A1--LNP complex were electrophoresed on 1% agarose gel, and bands were visualized using Chemidoc-MP System (Bio-Rad Laboratories, Hercules, CA, USA).

Ephrin-A1 conjugation on LNP (ephrin-A1--LNP)
---------------------------------------------

To acquire a stable conjugation of protein on LNP, ephrin-A1 was directly conjugated covalently to the liposome surface via the amine-reactive cyanur groups on the end of cyanuric chloride-activated DSPE-PEG(2000). To conjugate ephrin-A1 on the outer layer of liposomes, the cationic liposomes containing DSPE-PEG(2000)-cyanur were dispersed in the borate buffer saline containing the indicated amount of ephrin-A1 and incubated at room temperature for 24 hours with mild shaking.[@b15-ijn-8-4481],[@b36-ijn-8-4481] To acquire an appropriate ephrin-A1 concentration on LNP, the weight ratio of LNP to ephrin-A1 was 2:1. To determine the conjugation efficiency of ephrin-A1 on the LNP, the ephrin-A1--LNP dispersions were dialyzed using the dialysis device (Float-A-Lyzer® G2, 300kD, Spectrum Laboratories, Inc, Rancho Dominguez, CA, USA). After dialysis, solution inside the dialysis device was collected and the concentration of protein was determined by using the Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific Inc, Rockford, IL, USA).

Transmission electron microscopy
--------------------------------

The surface morphology of our synthesized LNP was examined by transmission electron microscopy (TEM) (model: Philips CM-100 Biotwin). In brief, a copper grid was precoated with poly-L-lysine aqueous solution for 10 minutes to provide a hydrophilic surface. After the precoating, a drop of liposome dispersions was placed on the gird for 15 minutes to allow the liposomes to attach, and excess solution was removed carefully by using Kim wipes on the edges. A negative staining agent, phosphotungstic acid, was added gently on the grid and then air-dried. To determine the cellular uptake of LNP in the CRL-2081 cells, the cells were cultured on the precoated grid and incubated with serum media at 37°C for 24 hours and then incubated with LNP for 40 minutes. The cells were washed with phosphate-buffered saline (PBS) before fixation and then observed under TEM.

Measurements of particle size distribution and zeta potential
-------------------------------------------------------------

The particle size distribution of LNP was measured by using the Nanotrac Particle Size Analyzer (Microtrac Nanotrac, Montgomeryville, PA, USA). The zeta potential of the LNP was determined using Smoluchowski mobility relations with Brookhaven ZetaPlus (Brookhaven Instruments Corporation, Holtsville, NY, USA). The miR--ephrin-A1--LNP was dialyzed to remove the excess ephrin-A1 and ionic molecules in dispersion solution before analysis.

Cytotoxicity of LNP
-------------------

About 2,000 MPM and NSCLC cells were seeded in each well of a 96-well plate and incubated in 10% fetal bovine serum media at 37°C. After 24 hours of incubation, the cells were incubated with the desired amount of LNP. The lactate dehydrogenase (LDH) leakage was determined after 48 hours by using the CytoTox-ONE Homogeneous Membrane Integrity Assay (Promega Corporation, Fitchburg, WI, USA), as reported earlier.[@b37-ijn-8-4481]

Cellular uptake of LNP complexes by flow cytometry
--------------------------------------------------

The LNPs used for cellular uptake study were prepared by following the same procedure described earlier. A fluorescent tagged cholesterol that closely resembles the native cholesterol, 25 NBD-Cholesterol (25-\[N-\[(7-nitro-2--1, 3-benzoxadiazol-4-yl) methyl\]amino\]-27-norcholesterol; Avanti Polar Lipids, Inc) was used in LNP. About 5 × 10^5^ cells were seeded in each well of the six-well plate and incubated at 37°C until confluency reached 70%--80%. Cells were incubated with 500 μL of 10 μg/mL LNP samples in serum-free media. After 40 minutes of incubation, the supernatant was discarded and the cells were washed carefully with PBS to remove excess LNP. Cells were collected and suspended in PBS for flow cytometry analysis using LSR-II analyzer (BD Biosciences, San Jose, CA, USA). LNP conjugated with bovine serum albumin (LNP-BSA) were used as negative control.

qPCR analysis
-------------

About 1 × 10^6^ cells were seeded into the 60 mm petri dish. After 24 hours of incubation, the cells were transfected with the LNP or ephrin-A1--LNP or free miR or miR--ephrin-A1--LNP complexes or left untreated in serum-free media as control. Total RNA was extracted from the cells and the complementary DNA was generated using Enhanced Avian Reverse Transcriptase (Sigma-Aldrich). The primers and SYBR Green JumpStart Taq Ready Mix used to perform qPCR were purchased from Sigma-Aldrich. The primers used in the qPCR reaction: let-7a, sense: 5′-CCTGGATGTTCTCTTCACTG-3′, antisense: 5′-GCCTGGATGCAGACTTTTCT-3′. h18S, sense: 5′-AAACGGCTACCACATCCAAG-3′, antisense: 5′-TAACGAGGATCCATTGGAGG-3′. The primers used for *Ras* were reported earlier.[@b4-ijn-8-4481]

Western blot analysis
---------------------

Cells were cultured in 60 mm culture dishes (Corning, Tewksbury, MA, USA) to confluence and the cells were lysed in lysis buffer with the method reported earlier.[@b4-ijn-8-4481] Protein was estimated by using the Pierce® BCA Protein Assay Kit (Thermo Fisher Scientific Inc), and equal amounts of protein (20 mg/lane) were loaded. Proteins in the sample were separated in denaturing sodium dodecyl sulphate polyacrylamide gels (Bio-Rad Laboratories) and transferred electrophoretically onto polyvinylidene difluoride membrane (Immobilon-P; EMD Millipore, Billerica, MA, USA). The blots were blocked with 5% nonfat dry milk (Bio-Rad Laboratories) for 1 hour on a shaker at room temperature, and were incubated overnight at 4°C with respective antibodies, rabbit anti-human pan-Ras antibody (Cell Signaling Technology, Inc, Beverly, MA, USA), at 1:1,000 dilutions. After washing, they were incubated with the secondary antibody (horseradish peroxidase-conjugated goat antirabbit IgG Ab) at a dilution of 1:1,000 for 1 hour. Finally, protein expression was detected by enhanced chemiluminescence (GE Healthcare Bio-Sciences Corp, Piscataway, NJ, USA).

Effects of LNP complexes on cell proliferation
----------------------------------------------

The effect of LNP complexes on MPM and NSCLC cell proliferation was determined by using the WST-1 reagent (Roche, Indianapolis, IN, USA), as reported earlier.[@b4-ijn-8-4481],[@b37-ijn-8-4481] Two thousand cells were seeded in each well of the 96-well plate and incubated in media containing LNP complexes. Cells were treated with free and LNP-encapsulated let-7a miR (miR--LNP, 20 nM), ephrin-A1 (ephrin-A1--LNP, 1 μg/mL--2μg/mL) and the miR--ephrin-A1--LNP combination (20 nM--2 μg/mL--4 μg/mL). The proliferation rates were determined after 48 hours of treatment. Every experiment was done in triplicate.

Three-dimensional tumor growth assay
------------------------------------

Matrigel (BD, Franklin Lakes, NJ, USA) was diluted with serum-free media in the ratio (1:1) as reported earlier;[@b4-ijn-8-4481],[@b37-ijn-8-4481] 200 μL of diluted Matrigel solution were added into each well of 48-well plate and then allowed to gel at 37°C for at least 1 hour. After gelation, cells at a density of 3,000 per well were plated in 200 μL of serum-free media. Another 200 μL of 2% serum media containing LNP complexes were added into each well. Randomly chosen fields from each well were photographed after 2 weeks. The tumor colonies were quantified by the number and size of colonies developed (diameter).

Wound healing assay
-------------------

About 1 × 10^5^ cells were seeded into each well of six-well plate. After 48 hours of incubation, cells reached 100% confluency and then the cell monolayers were scratched by 200 μL pipette tips to create a wound on cell monolayer and washed gently with PBS to remove cell debris, as reported earlier.[@b37-ijn-8-4481] The wounded cell cultures were incubated in fresh media containing 10% fetal bovine serum and the respective LNP complexes. The wound areas were photographed every 12 hours and the experiment was carried out in triplicate. The cell migration rate was determined by measuring the distance of cells invaded over time from the edge of wound. The invading distance was calculated as follows: relative invading distance is equal to invading distance of sample/invading distance of control sample; relative invading distance of control sample is considered as 1.

Statistical analysis
--------------------

Differences among the treatment groups were statistically analyzed by Student's *t*-test using SigmaStat3.5 (Systat Software, Inc, Chicago, IL, USA). The values were considered significant at *P*\<0.05. Data reported is the mean ± standard error of the mean from at least three separate experiments.

Results
=======

Characterization of LNP
-----------------------

LNP were prepared using, DOTAP, cholesterol, and DSPE-PEG 2000-cyanur (1:1:0.1 molar ratios). The LNP shape and size were confirmed by TEM. The TEM image of LNP and miR--ephrin-A1--LNP showed a spherical shape with a smooth morphology, and an average diameter of about 100 nm ([Figure 1A](#f1-ijn-8-4481){ref-type="fig"}). Ephrin-A1--LNP and miR--LNP showed the mean diameter ranged between 60.00 ± 2.4 nm and 200.24 ± 5.8 nm. The conjugation of miR and ephrin-A1 did not affect the size distribution of LNP ([Figure 1B](#f1-ijn-8-4481){ref-type="fig"}). The mean zeta potential of LNP was +46 ± 1.3 mV, and after conjugation with ephrin-A1 on the surface it was −16 ± 1.1 mV with about 80% conjugation efficiency. In addition, the zeta potential of miR-ephrin-A1--LNP was −15 ± 2.2. The polydispersity index was also evaluated and the values are given in [Table 1](#t1-ijn-8-4481){ref-type="table"}. The amount of ephrin-A1 on LNP was around 0.45 mg per milligram of LNP. The cellular uptake of LNP by MPM (CRL-2081) is shown in the TEM images ([Figure 1C](#f1-ijn-8-4481){ref-type="fig"}). The cells readily uptake LNP, as noted in the vesicles of the cell. The cells transfected with miR--ephrin-A1--LNP also showed efficient uptake when compared with cells transfected with LNP alone. The encapsulation efficiency of let-7a miR, measured by the centrifugal filtration method, was above 95%. The encapsulation efficiency of let-7a miR was confirmed by gel electrophoresis ([Figure 1D](#f1-ijn-8-4481){ref-type="fig"}). The centrifugal filtration method was used to measure the total loading (including encapsulated miR and the miR that are absorbed on the surface via charge attraction) of miR in the LNPs; the gel electrophoresis method was used for the measurement of encapsulated miR percentage. In the gel electrophoresis, the encapsulation efficiency noted was approximately 90%, which implies that around 10% of the miR was absorbed on the LNP surface instead of being encapsulated inside the LNPs when compared to free miR (100%). Besides, it shows that the ephrin-A1 conjugation process caused no leakage of miR from the LNPs ([Figure 1D](#f1-ijn-8-4481){ref-type="fig"}, lane 5 of upper panel); encapsulation of miR with LNP at various ratios (50%, 20%, 10% and 5%) are shown in the lower panel for comparison. At 10% weight ratio, maximum miR encapsulation was noted. The stability of LNP was determined by serum stability assay (data not shown).

We determined the cytotoxicity of LNP in MPM (CRL-2081, CRL-5830) and NSCLC (A549) cells by using LDH leakage assay. LNP up to a high concentration of 100 μg/mL showed no significant cytotoxicity on all the three cell lines tested ([Figure 1E](#f1-ijn-8-4481){ref-type="fig"}, upper panel). In addition, the LNP were encapsulated with control miR sequence and the cytotoxicity was determined. miR-con--LNP or miR-con-ephrin-A1--LNP did not show any cytotoxic effect on LLCs when compared with LNP alone. These results suggest that the engineered LNPs possess high cellular uptake efficiency with low cytotoxic effect.

Cellular uptake of ephrin-a1 conjugated LNP
-------------------------------------------

MPM and NSCLC cells were incubated for 40 minutes with LNP and cellular uptake was determined by flow cytometry. Ninety-eight percent of the viable cells have shown the uptake of LNP ([Figure 2](#f2-ijn-8-4481){ref-type="fig"}). LNP conjugated with BSA (nonspecific protein), showed lower cellular uptake efficiency, and total intensity was reduced. However, the LNP conjugated with ephrin-A1 (ephrin-A1--LNP) showed significantly higher cellular uptake efficiency compared with the LNP-BSA. In cell line CRL-2081, ephrin-A1--LNP showed highest percentage cellular uptake and mean fluorescence intensity compared with LNP alone, which indicates that the specific ligand targeting is more prominent than the surface charge. However, the LNP with positively charged surface showed a marginal increase in uptake efficiency in CRL-5830 when compared with ephrin-A1--LNP. The cellular uptake of miR--LNP was significantly low when compared with miR--ephrin-A1--LNP. Ligand conjugated LNP complex increased the efficiency of the miR delivery to the tumor cells when compared with miR--LNP. These data suggest that the cells that overly express the targeting EphA2 effectively uptake the ephrin-A1--LNP or miR--ephrin-A1--LNP when compared with the cells that show lower expression for the targeting receptor EphA2.

Transfection efficiency of miR--ephrin-A1--LNP complex
------------------------------------------------------

To evaluate the transfection efficiency of miR--ephrin-A1--LNP, the expression levels of let-7a miR in the lung cancer cells were investigated after 24 hours of transfection ([Figure 3A](#f3-ijn-8-4481){ref-type="fig"}). The cells transfected with miR--ephrin-A1--LNP showed significant increase in let-7a miR mRNA expression compared to the cells transfected with miR--LNP. The miR--ephrin-A1--LNP complex showed the most effective transfection efficiency of let-7a miR in CRL-2081 cells, with several-fold increased expression. In CRL-5830 and A549 cells treated with miR--ephrin-A1--LNP, the levels of let-7a miR mRNA were also increased when compared to free miR. In addition, the target gene *Ras* mRNA and protein expression were also determined in CRL-2081. The mRNA expression of H-*Ras* isoform significantly inhibited in let-7a-ephrin-A1--LNP miR transfected cells when compared to other isoforms (N-*Ras* and K-*Ras*). Ephrin-A1--LNP and miR--let-7a--LNP complex transfection also showed a significant decrease in all the three isoforms of *Ras* when compared with control cells ([Figure 3B](#f3-ijn-8-4481){ref-type="fig"}). The transfection of let-7a-ephrin-A1-LNP miR complex significantly repressed the *Ras* expression when compared to let-7a--LNP miR alone. The expression of *Ras* was also inhibited in cells transfected with miR--let-7a--LNP when compared to control ([Figure 3C](#f3-ijn-8-4481){ref-type="fig"}). Taken together, these results indicate that the synthesized LNP complexes have great potential to inhibit the expression of target gene and thereby inhibit lung cancer cell proliferation and migration. Thus, these LNP complexes may be effective to inhibit tumor growth in future in vivo delivery systems.

Effects of LNP complexes on MPM and NSCLC cell proliferation
------------------------------------------------------------

The effects of LNP complexes on cell proliferation of LCCs (lung cancer cells) were determined by using WST-1 assay. Cells treated with free let-7a miR without liposomal carriers showed no significant effect on cell proliferation. Lung cancer cells treated with the let-7a miR encapsulated LNP (miR--LNP) showed about 20%--30% reduction in cell proliferation ([Figure 4](#f4-ijn-8-4481){ref-type="fig"}). In addition, compared to cells treated with ephrin-A1, the ephrin-A1--LNP treatment showed relatively higher inhibitory effect on cell proliferation. Moreover, most striking was the reduction in cell proliferation seen when comparing miR--ephrin-A1--LNP results with those of LNP alone. The MPM cells (CRL-2081) showed highest reduction of proliferation rate (53.29% ± 4.21%) when compared with the other two cell lines. These results suggest that the conjugation of LNP significantly enhanced the effect of miR--ephrin-A1--LNP complex and showed maximum inhibition of cellular proliferation when compared with free miR.

miR--ephrin-A1--LNP complex inhibited tumor growth
--------------------------------------------------

In the tumor growth assay, the LNP complexes effectively reduced the number and size of tumor colonies of CRL-2081, CRL-5830, and A549 cells in Matrigel ([Figure 5](#f5-ijn-8-4481){ref-type="fig"}). Among these LNP complexes, miR--ephrin-A1--LNP showed the most effective inhibition on tumor growth. LNP alone showed little effect on tumor growth in Matrigel. In the highly aggressive cell line CRL-2081, treatment with miR--ephrin-A1--LNP complex significantly reduced the number and size of tumor colonies when compared with LNP alone ([Figure 5B](#f5-ijn-8-4481){ref-type="fig"} and [C](#f5-ijn-8-4481){ref-type="fig"}). In addition, a remarkable reduction in size of tumor colonies as determined by average diameter was noted in all the lung cancer cells upon miR--ephrin-A1--LNP treatment versus miR--LNP or ephrin-A1--LNP treatment. These results indicate that the engineered miR--ephrin-A1--LNP complex has the potential to inhibit the growth of tumor colonies in Matrigels.

miR--ephrin-A1--LNP complex inhibited MPM and NSCLC cell migration
------------------------------------------------------------------

Cell migration was determined by performing the wound healing assay. Cell migration decreased in LNP complex-treated lung cancer cells (CRL-2081, CRL-5083, and A549 cells) while the LNP alone showed no significant effects on cell migration ([Figure 6A](#f6-ijn-8-4481){ref-type="fig"}). In all the cell lines tested, miR--ephrin-A1--LNP showed the most effective inhibition on cell migration compared to miR--LNP and ephrin-A1--LNP. The CRL-2081 and CRL-5830 cells treated with miR--ephrin-A1--LNP showed a 35% and 50% reduction in cell migration compared to the untreated cells ([Figure 6B](#f6-ijn-8-4481){ref-type="fig"}). The cell migration was observed for 36 hours in CRL-2081 as it reached confluency in control and LNP-alone treated cells, whereas in CRL-5830 and A549 cell lines the cell migration rate was noted until 48 hours. Taken together these results suggest that miR--ephrin-A1--LNP complex is highly effective in attenuation of MPM and NSCLC migration.

Discussion
==========

Malignant pleural mesothelioma is still a frustrating clinical challenge with no effective treatment. Various therapeutic approaches, including surgery, radiotherapy, chemotherapy, and traditional gene therapy, showed limited effectiveness on improving survival rate of patients.[@b38-ijn-8-4481] We earlier reported that let-7a miR over expression inhibits MPM tumor growth. In addition, we also demonstrated that let-7a miR targets *Ras* gene in MPM cells and inhibits tumor growth.[@b4-ijn-8-4481] In lung cancer, the expression of let-7 miR is low when compared to normal tissue.[@b39-ijn-8-4481] The significance of reduced expression of let-7 miR and tumor growth was further indicated in the transgenic NSCLC mouse model.[@b40-ijn-8-4481] Furthermore, ectopic expression of let-7 inhibited the growth of lung cancer cells and lung cancer xenografts.[@b41-ijn-8-4481] Taken together, these studies provide evidence that let-7 miR is a potential therapeutic miR against lung cancer.

To develop an effective therapeutic regimen using let-7a miR for malignant mesothelioma and other lung cancers is a challenge. Because miRs are highly unstable molecular sequences, they rapidly degrade in circulation and show a poor uptake by cancer cells due to their negative charge. A novel approach is highly required to protect the miRs and to deliver them to tumor sites. An ideal carrier system for miRs should provide high loading efficiency and protection from degradation as well as be able to target the cancer cells/tumor tissue while in circulation. Several strategies have been applied to deliver miRs into tumor cells and tumor sites. In a transgenic mouse model of hepatocellular carcinoma, systemic administration of miR-26a was performed using adeno-associated virus.[@b42-ijn-8-4481] In a lung-metastasis mouse model, liposome-polycation-hyaluronic acid nanoparticles were used to deliver miR-34a.[@b43-ijn-8-4481] In this report, we engineered a novel liposomal delivery carrier for small nucleotide molecules by using cationic lipids DOTAP and DSPE-PEG containing cyanuric groups. To specifically target lung cancer cells that overly express the EphA2 receptor, its ligand ephrin-A1 was conjugated on the surface of LNP to develop miR--ephrin-A1--LNP complex. The cationic lipid has been widely used in liposomes for the purpose of DNA or RNA delivery due to its high efficiency of retaining negatively charged biomolecules. However, for the proteins that are overall negatively charged, using liposomes containing DOTAP for the delivery of proteins has not been widely accepted. It is possible that the positively charged liposome surfaces may not be able to provide a stable ionic absorption with proteins, and denaturation of proteins can be caused by the interactions with liposomes. Thus, in order to obtain a stable attachment of proteins on liposome surface for targeting cancer cells, DSPE-PEG-cyanur was added into the liposomes to chemically conjugate with proteins to form a stable complex and minimize the denaturation of proteins. In addition, the phospholipid derivatives of PEG have been shown to increase the particle stability of unilamellar liposomes in plasma and minimize interactions with other biological macromolecules.[@b8-ijn-8-4481]

Blood circulation and tumor tissue accumulation of liposomes are important factors to affect the targeting efficiency of liposomes to tumors and the therapeutic activity of delivered molecules.[@b44-ijn-8-4481] These pharmacokinetic properties are not only affected by the size of liposomes, but also surface charge, lipid composition, and the targeting agents on liposome surface.[@b45-ijn-8-4481],[@b46-ijn-8-4481] The diameter of 100 nm has been generally considered the most ideal size of liposomes for efficient delivery, thus the LNPs in this report were controlled in this size range using the ethanol dilution method allowing high encapsulation of miR. In contrast, the conventional lipid film hydration method following the size extrusion cannot provide an appropriate miR delivery because size extrusion through a filter membrane causes low encapsulation efficiency, and for complex formation, miR molecules are too small to form a stable complex. The total loading efficiency of miR with LNP exceeded 95%. The electrophoresis results indicate that the encapsulation efficiency was high at 1:10 miR--LNP complex formulation.

During the process of conjugation, the attachment of ephrin-A1 on LNP may be mainly via chemical conjugation and partially via physical absorption, since theoretically ephrin-A1 is net negatively charged with pH \>7. However, after a continuous vigorous vortex and dialysis in water, a high loading efficiency (about 70%) of ephrin-A1 on LNP was noted, and it was mainly by a stable conjugation. The stable conjugation was detected when the weight ratio of LNP to ephrin-A1 was 2:1. After conjugation with ephrin-A1, the particle size distribution shifted about 10 nm to the high particle size region, which implied that the ephrin-A1 protein molecules were conjugated on the surface instead of being surrounded by LNP to form a complex. The change of zeta potential of LNP after ephrin-A1 conjugation, from approximately +23 mV to −10 m V, also suggested that the ephrin-A1 proteins were successfully conjugated on the LNP surface. The conjugation of ephrin-A1 on LNP surface attenuated the surface charge from positive to closer to neutral. This enables the ephrin-A1--LNP complex to be more stable and less susceptible to damage by plasma proteins when systemically applied. The cytotoxicity of the cationic liposomes containing DOTAP was also attenuated by the addition of PEG-containing lipids. The low cytotoxicity of LNP allows it to be widely applied into delivery systems for various biomolecules. Cellular uptake of LNP can be affected by particle size, surface charge, lipid composition, and targeting reagent on the surface.[@b39-ijn-8-4481]

In the MPM (CRL-2081) cells incubated with ephrin-A1--LNP, the fluorescence intensity increased to 1.45 fold when compared to the cells incubated with LNP alone ([Figure 2](#f2-ijn-8-4481){ref-type="fig"}). It indicates that the ephrin-A1 on the LNP surface enhanced the binding of ephrin-A1--LNP to cells even while the surface charge was attenuated by the proteins conjugated on the surface. However, the dominant factor in determining the cellular uptake of LNP may vary in different cell types with different morphology.

Ephrin-A1, can inhibit the proliferation and migration of lung cancer cells via binding to overly expressed EphA2 receptors.[@b31-ijn-8-4481],[@b32-ijn-8-4481],[@b34-ijn-8-4481] Thus the ephrin-A1 on the LNP serves not only as a specifically targeting molecule to lung cancer cells but also a therapeutic reagent for cancer treatments. In the cell proliferation assay, cells treated with ephrin-A1--LNP showed a lower cell proliferation than the cells treated with ephrin-A1 alone. This suggests ephrin-A1 has an enhanced inhibiting effect on cell proliferation after LNP conjugated conjugation. It is important that the ability of ephrin-A1 on inhibiting cell proliferation was not only being retained but was enhanced after the conjugation process. This enhancement may be the result of the fast diffusion of ephrin-A1--LNP toward the cell membrane or faster binding kinetics due to the high bioavailability of surface-bound ligands in the milieu.

Transfection of MPM with let-7a miR precursor has been reported to inhibit cell proliferation and tumor growth.[@b4-ijn-8-4481] The purpose of using ephrin-A1--LNP to deliver miR is to enhance the transfection efficiency on lung cancer cells by cell surface receptor EphA2 targeted delivery. In addition, our study provides ephrin-A1 and let-7a miR combination therapy for MPM and NSCLC. The miR--ephrin-A1--LNP complex is highly effective in inhibiting cell proliferation, cell migration, and tumor growth compared to ephrin-A1--LNP and miR--LNP. In addition, the enhanced inhibitory effect of miR--ephrin-A1--LNP implies that the let-7a miR were successfully transfected in the lung cancer cells via the ephrin-A1--LNP delivery. Furthermore, in the wound healing assay, the miR--ephrin-A1--LNP resulted in greater reduction on cell migration rate than did miR--LNP and ephrin-A1--LNP treatments. Although the positive charge on LNP surface was attenuated by ephrin-A1 conjugation, which usually results in slower diffusion of liposomes into the cell membrane, the cellular uptake of ephrin-A1--LNP was enhanced by the specific receptor-ligand affinity of ephrin-A1 and EphA2 expressing cancer cells. This suggests that the combination treatment of ephrin-A1 and let-7a miR was highly effective on inhibiting cell migration and the conjugation of ephrin-A1 on the surface of LNP improved the transfection efficiency for the encapsulated miRs. In the qPCR analysis, miR--ephrin-A1--LNP induced a significant increase of let-7a miR expression level in all the lung cancer cell lines (CRL-2081, CRL-5830, and A549) tested. These data demonstrate that the ephrin-A1--LNP complex provided an effective delivery of let-7a miR into MPM and NSCLC cells. In addition, all the three isoforms of *Ras* contains putative binding site in their 3′ untranslated regions for let-7a miR, and the treatment of miR--ephrin-A1--LNP complex significantly inhibited the mRNA expression of all three isoforms of *Ras* and this repression of *Ras* was significantly higher when compared to miR--LNP. These results further indicate that the engineered miR--ephrin-A1--LNP was highly effective in inhibiting cell proliferation, migration, and tumor growth of all studied lung cancer cells in vitro.

In this report we introduced a novel membrane receptor-targeting liposomal carrier for let-7a miR delivery to lung cancer cells. The LNPs conjugated with the targeting ligand ephrin-A1 served as a stable carrier for efficient delivery of let-7a miR to MPM and NSCLC. In addition, ephrin-A1 on the liposome surface was highly effective to inhibit cell proliferation, migration, and tumor growth of the lung cancer cells in vitro. On the basis of these results, the combination treatment of let-7a miR and ephrin-A1 by the miR--ephrin-A1--LNP complex is promising in that it has significant potential for in vivo targeted delivery applications that aim to provide an enhanced therapeutic effectiveness for malignancies that overly express EphA2.
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![Characterization of engineered LNPs.\
**Notes:** (**A**) Transmission electron microscopy image of LNPs. (**B**) Particle size distribution of LNP and miR--encapsulated LNP, ephrin-A1 conjugated LNP, and miR--ephrin-A1--LNP. (**C**) Cellular uptake of LNP as determined by transmission electron microscopy. The left hand panel is at a higher magnification. Arrows point to LNP with vesicles; bar represents 2 μm, middle panel. (**D**) The encapsulation of miR in LNPs was determined by using gel electrophoresis. In order to compare the encapsulation of miR, free miR (100% miR, upper panel) is shown versus 50%, 20%, 10%, and 5% of miR that encapsulated with LNPs, lower panel. The encapsulation efficiency of miR in LNPs was around 90% and remained high after protein conjugation; arrow points to the lane number in the gel. (**E**) LDH leakage after incubation of lung cancer cells with LNPs. Engineered LNPs showed low cytotoxicity on all three lung cancer cells tested, upper panel. LNP at an even higher concentration (100 μg/mL) failed to show any significant cytotoxicity in CRL-2081, CRL-5830, and A549 cells. The encapsulation of miR--ephrin-A1--LNP and ephrin-A1--LNP did not induce any cytotoxic effect on the cells, lower panel. Data represents mean ± SEM of three separate experiments.\
**Abbreviations:** Con, control; LDH, lactate dehydrogenase; LNP, liposomal nanoparticle; m, mitochondria; M, marker; miR, microRNA; N, nucleus; NS, not significant; SEM, standard error of the mean; Vs, vesicles.](ijn-8-4481Fig1){#f1-ijn-8-4481}

![Cellular uptake of LNP and protein conjugated LNP in lung cancer cells as determined by flow cytometry analysis.\
**Notes:** Cellular uptake of LNPs was evaluated after 40 minutes of incubation of cell cultures with LNP. The cellular uptake efficiency of the cationic LNPs was high in all the lung cancer cells (CRL-2081, CRL-5830 and A549 cells). The ephrin-A1 conjugation on the LNP surface showed enhanced cellular uptake via ligand targeting on lung cancer cells. The ephrin-A1--LNP showed the highest percent cellular uptake and intensity in CRL-2081 cells when compared with CRL-5830 and A549 cell lines. However, ephrin-A1 conjugation on the LNPs enhanced the uptake efficiency compared with the LNPs conjugated with nonspecific proteins (BSA--LNP). miR--ephrin-A1--LNP cellular was significantly higher when compared with miR--LNP. Data presented is mean ± SEM of three independent experiments. \**P*\<0.05 when compared with BSA--LNP; ^†^*P*\<0.05 when compared with miR--LNP alone.\
**Abbreviations:** BSA, bovine serum albumin; LNP, liposomal nanoparticle; miR, microRNA; SEM, standard error of the mean.](ijn-8-4481Fig2){#f2-ijn-8-4481}

![miR--LNP and miR--ephrin-A1--LNP complexes enhance let-7a miR expression in lung cancer cells.\
**Notes:** (**A**) CRL-2081, CRL-5830, and A549 cells were transfected with miR--ephrin-A1--LNP, miR--LNP, miR-con--LNP, or free miR, or were left untransfected (control) for 24 hours. The let-7a miR mRNA expression was measured by quantitative real-time PCR. Data is presented as the relative quantification compared with control (cells cultured in medium alone) samples as the baseline value. Data represent the mean ± SEM of three separate experiments. 18S RNA was probed as endogenous control to normalize the expression of let-7a miR. *\*P*\<0.001, cells transfected with miR--ephrin-A1--LNP versus control; ^†^*P*\<0.001 when compared with miR-con--LNP. (**B**) H-*Ras*, N-*Ras*, and K-*Ras* mRNA expression as analyzed by quantitative real-time PCR. CRL-2081 were transfected with miR--ephrin-A1--LNP, miR--LNP, ephrin-A1--LNP, or miR-con--LNP, or were left untransfected (control) for 24 hours. Data presented are the mean ± SEM of three separate experiments. 18S RNA was used as endogenous control to normalize the expression of let-7a miR. *\*P*\<0.001, CLR-2081 transfected with miR--ephrin-A1--LNP versus control; ^†^*P*\<0.05 when compared with miR-con--LNP. (**C**) Ras expression in CRL-2081 as detected by Western blot analysis. CRL-2081 were transfected with miR--ephrin-A1--LNP, miR-con--LNP, miR--LNP, or left untransfected to determine ras expression. The β-actin was detected to demonstrate equal loading of protein. Upper panel represents relative optical density. Data presented are the mean ± SEM of three separate experiments. *\*P*\<0.001, CLR-2081 transfected with miR--ephrin-A1--LNP versus control; ^†^*P*\<0.05 when compared with miR-con--LNP.\
**Abbreviations:** con, control; LNP, liposomal nanoparticle; miR, microRNA; PCR, polymerase chain reaction; RQ, relative quantification; SEM, standard error of the mean.](ijn-8-4481Fig3){#f3-ijn-8-4481}

![Effect of LNP complexes on lung cancer cell proliferation.\
**Notes:** Lung cancer cell lines CRL-2081, CRL-5830, and A549 were treated with LNP complexed with miR or ephrin-A1 and compared with free miR and ephrin-A1 after 48 hours of treatment. The miR--ephrin-A1--LNP showed enhanced inhibitory effect on cell proliferation. Data presented is mean ± SEM of three separate experiments. *\*P*\<0.05 when compared with control; ^†^*P*\<0.05 when compared with LNP; ^‡^*P*\<0.05 when compared with miR--LNP complex.\
**Abbreviations:** Con, control; LNP, liposomal nanoparticle; miR, microRNA; PCR, polymerase chain reaction; RQ, relative quantification; SEM, standard error of the mean.](ijn-8-4481Fig4){#f4-ijn-8-4481}

![The LNP complexes reduce lung cancer tumor growth in three-dimensional Matrigels in vitro.\
**Notes:** The lung cancer cells were incubated in serum free medium (control) or treated either with ephrin-A1--LNP or miR--ephrin-A1--LNP or LNP alone, and tumor formation was determined in Matrigel. (**A**) The miR--ephrin-A1--LNP was highly effective on tumor growth inhibition of CRL-2081, CRL-5830 and A549 cells in Matrigel. (**B** and **C**) The quantification data of tumor colonies and size. The data presented are the mean ± SEM of three independent experiments performed at separate times; values were considered significant at \**P*\<0.001 when compared with control and ^†^*P*\<0.001 when compared with miR--LNP complex and miR--ephrin-A1--LNP.\
**Abbreviations:** LNP, liposomal nanoparticle; miR, microRNA.](ijn-8-4481Fig5){#f5-ijn-8-4481}

![LNP complexes inhibit invasion of lung cancer cells.\
**Notes: L**ung cancer cell invasion was determined by wound healing assay. (**A**) Optical images of wounded cell monolayers were taken at 0 hours and 36 hours (CRL-2081) or 48 hours (CRL-5830 and A549) after wounding the cultures. The cell migration rates of CRL-2081, CRL-5830, and A549 were determined by measuring the distance cells invaded over time from the edge of wound. (**B**) The invading distances are shown in relative distance to the control cultures (relative invading distance = invading distance of sample/invading distance of control sample; relative invading distance of control sample is 1). The miR--ephrin-A1--LNP complex effectively reduced the recovery rate of wound area on the monolayer. The data presented is the mean ± SEM of three independent experiments performed at separate times; values were considered significant at \**P*\<0.001 when compared with control and ^†^*P*\<0.001 when compared with miR--LNP complex and miR--ephrin-A1--LNP.\
**Abbreviations:** LNP, liposomal nanoparticle; miR, microRNA; SEM, standard error of the mean.](ijn-8-4481Fig6){#f6-ijn-8-4481}

###### 

Engineered LNPs polydispersity index

  Particles             Mean zeta-potential (pH)   M~n~ (nm)   M~v~ (nm)   PI
  --------------------- -------------------------- ----------- ----------- ------
  LNP                   +46 ± 1.3 (\~7)            109         203         1.86
  Ephrin-A1--LNP        −16 ± 1.1 (\~7)            105         234         2.22
  miR--ephrin-A1--LNP   −15 ± 2.2 (\~7)            120         280         2.33

**Abbreviations:** LNP, liposomal nanoparticle; miR, microRNA; M~n~, mean number particle size; M~v~, mean volume particle size; PI, polydispersity index (M~v~/M~n~).
